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Introduction
An unsolved puzzle of the low energy dynamics of the strong interaction concerns the relation between the short distance degrees of freedom (DOF) of QCD and the long distance hadron structure. A direct link between these two regimes is given in principle by matrix elements of quark operators evaluated over the wave function of hadrons. One possibility for accessing the quark contribution to non-perturbative hadron properties like form factors, anomalous magnetic moments or charge radii is given by flavour decomposition, i.e. trying to separate the contributions of single quark flavours.
Looking at the valence sector though, e.g. at the u and d flavours in the nucleons, one might be sensitive to some sort of effective DOF, i.e. constituent quarks, which could have little to do with the QCD-quarks, as we learn from chiral quark models [1] . The sea-quarks instead can maybe be identified with the DOF of the QCD lagrangian, motivating the interest for strange quark effects on the nucleon structure.
This contribution concentrates on the strange quark vector current operatorsγ µ s, which contributes to the vector coupling of the nucleons and thus for instance to the electromagnetic form factors. It is accessible in neutral current experiments, as proposed in [2] . In sec. 2 the definition of flavour form factors and their separation through neutral current observables are recalled. The experimental technique of parity-violating electron scattering is reviewed in sec. 3, together with the data which are available so far. A more detailed description of the A4 experiment at Mainz is given in sec. 4 and the latest A4 results are reported in sec. 5.
Flavour form factors and the weak neutral current
The coupling of the electromagnetic field to the hadrons is described in QCD by the elementary vector coupling to the quark fields through the vector current operatorsf γ µ f (quark field operators are denoted by their flavour f ). Thus the electromagnetic current of the nucleon should emerge as a combination of matrix elements of such quark current operators N|f γ µ f |N and at low momentum transfers only the light flavours f = u, d, s need to be considered. On the other end the the same nucleon electromagnetic current can be parametrised for the elastic scattering amplitude under the assumption of Lorentz invariance, parity invariance and current conservation via the elastic electromagnetic form factors F 1 and F 2 :
This equation offers a link between fundamental QCD matrix elements and measurable quantities like the form factors. Furthermore one can define flavour form factors by means of (2.1): 2) which are related to the nucleon form factors by
3)
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and Q f is the electric charge of the f -quark. There are six flavour form factors for each nucleon whereas only two electromagnetic form factors can be measured. In order to reduce the number of unknowns one can make use of isospin symmetry. This implies that the u-quark in the proton "behaves" like the d-quark in the neutron and vice versa, while the s-quark matrix elements are the same in both nucleons. Formally one can write:
The effects of isospin symmetry violation have been estimated in [3] to be about one order of magnitude smaller than the typical experimental errors of the involved observables and can be safely neglected. Thanks to isospin symmetry both nucleons can be described by a total of six independent flavour form factors G [2] . The nucleon coupling to the Z 0 boson can be written as
where V 
where the matrix elements N|f γ µ f |N are the same of those in (2.1), because of the universality of the quark vector current operators, and
θ W is the standard model weak charge of the quark. As a result the weak vector form factors of the nucleon can be written as a linear combination of the same flavour form factor appearing in (2.3):
An extensive review of this formalism can be found in [4] .
Parity-violating electron scattering
The weak vector form factors can be accessed experimentally through electroweak elastic scattering. The electron-proton elastic scattering cross section at the tree level in the standard model contains the contributions
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In the last equations j γ and j Z represent the electron electromagnetic and neutral weak current respectively. The last one possesses a vector and an axial part j
The parity nonconservation of the weak interaction can be exploited in order to distinguish phenomenologically between the two amplitudes in (3.1). In the scattering of longitudinally polarised electrons the cross section σ R,L has a parity-violating asymmetry
which is sensitive to the interference between the γ and the Z 0 exchange diagram and reads
At the energies of interest here one has typically |q 2 | < 1 (GeV/c) 2 and thus higher orders in q 2 /M 2 Z need not to be considered. Considering (2.3) and (2.7) the asymmetry (3.2) depends on the six independent vector flavour form factors and on the axial nucleon form factor G A . It can be written in terms of the four nucleon electromagnetic and the strangeness vector form factors G s E,M :
where a = −G µ q 2 /4πα √ 2 and ε = [1 + 2(1 + τ) tan 2 (θ /2)] −1 (G µ is the Fermi constant from the muon decay, α the fine structure constant and θ the scattering angle in the laboratory frame). Electroweak radiative corrections evaluated within the MS renormalisation scheme are contained in ρ ′ eq andκ ′ eq , whileŝ 2 Z is the sine squared of the weak mixing angle at the Z-boson mass [5] . The electromagnetic form factors are measured and G A can be calculated using the weak proton charge from β decay measurements and a dipole form for the q 2 dependence. Radiative corrections of the axial proton coupling are included in the value of G A ( [6] and references therein). Measuring A PV and subtracting A 0 gives a linear combination of the electric and magnetic strangeness form factors G s E and G s M . These in turn can be separated through a Rosenbluth-type method by performing the measurement at the same q 2 but different scattering angles.
Four collaborations have performed measurements of the strangeness vector form factors: SAMPLE at MIT-BATES, Happex and G0 at TJNAF and A4 at MAMI. A survey of the data from these experiments is shown in fig. 1 . At |q 2 | of about 0.1 (GeV/c) 2 the data set is fairly complete. The separation of G s M and G s E is possible and also a direct measurement of G A in agreement with theoretical estimations is available.
Parity-violating electron scattering and strangeness form factors of the nucleon Luigi Capozza [8] . The purple ellipse is the combination of the two measurements, the yellow one results from the H 2 measurement together with the G A estimation of [6] . (b) Available data at 0.1 (GeV/c) 2 come from the Happex collaboration [9] (forward, H 2 and He targets), from A4 [10] (forward, H 2 ) and SAMPLE [8] (backward, H 2 ). The SAMPLE band is calculated using G A from [6] . (c) Results of the G0 experiment with a H 2 target [11] . The setup was designed for measuring simultaneously at different q 2 values. The Happex points at 0.1 (GeV/c) 2 [9] and 0.477 (GeV/c) 2 [12] are also shown.
For measuring the helicity asymmetry, a longitudinally polarised electron beam is scattered on a hydrogen, deuterium or helium target and the rate of (quasi-)elastic scattering events is measured for each helicity state. In the case of the A4 experiment single events are counted and the number N R,L of detected events is used for calculating the asymmetry
The order of magnitude of A PV is fixed by the ratio q 2 /M 2 Z . At |q 2 | ∼ 0.1( GeV/c) 2 one has A PV ≤ 10 −5 . The smallness of this quantity strictly dictates the experimental design. For a counting experiment the statistical error of the asymmetry is δ A stat = 1/ √ N (with N = N R + N L ). Willing to achieve δ A stat ∼ 10 −7 one needs to detect N ∼ 10 14 events. Assuming a beam time of e.g. 1000 hours, this requires the capability of registering events at a rate of 10 MHz. A setup with high luminosity, large angle acceptance and a suitably fast detector has to be devised.
On the systematics side, even very small helicity correlated fluctuations of the beam parameters can bias the measurement. Such fluctuations have to be kept low, monitored, and their impact on the measured asymmetry has to be carefully estimated. A last crucial topic is the measurement of the degree of polarisation of the beam. Its uncertainty dominates the systematic error in the case of the A4 experiment, although it can not be discussed here.
A review of the experimental solutions for these measurements can be found in [7] .
The A4 experiment at Mainz
The A4 experiment takes place at the MAMI accelerator facility at Mainz. The MAMI polarised electron beam is struck on a liquid hydrogen or deuterium target and the scattered particles are detected by an electromagnetic calorimeter, placed either at forward or backward scattering angles. The beam polarisation is measured and monitored with four different polarimeters. An absolute measurement of the beam polarisation is performed once a week with a Møller polarimeter and online with a Compton backscatter polarimeter. A Mott polarimeter before the injector is calibrated using the Møller measurement and gives a polarisation value every two days. The interpolation between these measurements is made possible by a transmission Compton polarimeter placed before the beam dump.
The liquid hydrogen target is kept at 14 K by a high power helium refrigeration system, absorbing 100 W of heat at a beam current of 20 µA. The temperature fluctuations are smaller than 10 −3 . The target cell is 10 cm (23.4 cm) long for the forward (backward) measurement. Fluctuations of the target density are monitored by 8 water Cherenkov detectors integrating the flux of particles scattered between 4 • and 10 • of polar angle and over the whole azimuthal angle range.
The detector system of the A4 experiment is shown in fig. 2 . The particle detection happens in a fully absorbing electromagnetic calorimeter made of 1022 PbF 2 crystals. This material is a pure Cherenkov radiator and thus intrinsically fast, allowing count rates up to 100 MHz. The energy resolution (∆E/E ∼ 4%/ E/GeV) is sufficient for separating elastic from inelastic events. The crystals are arranged in rings, symmetrically around the beam axis and covering a solid angle of 0.6 sr. The calorimeter is mounted on a rotatable platform for changing the setup between forward and backward angle measurements. The polar angle acceptance is 30 • to 40 • for the forward and
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Example of energy spectra, measured with the calorimeter, are shown on the right in fig. 2 . Every five minutes two such spectra, corresponding to each beam polarisation state, are obtained from each of the 1022 calorimeter modules. The peak of elastic scattering events is clearly visible and the number N R,L of these events can be extracted from it. These numbers are normalised to the mean target ρ R,L density measured during each polarisation state and from the resulting asymmetry A meas the parity-violating asymmetry A PV is extracted according to
where P is the beam polarisation and the terms in the sum are instrumental asymmetries due to systematic shifts ∆X i of some beam parameter X i between the two polarisation states (see table 1 ). These ∆X i are measured and the coefficients a i are determined through a multilinear regression.
Latest results
The backward angle measurement at −q 2 = 0.22(GeV/c) 2 is summarised in table 1, where the applied corrections and a budget of the systematic errors is given. In fig. 3 the systematic check of inverting the beam polarisation at the source by a λ /2 waveplate is shown. The final result for the parity-violating asymmetry is A PV = (−17.23 ± 0.82 stat ± 0.89 syst ) ppm.
The expected asymmetry setting the strange vector form factors equal to zero is A 0 = (−15.87 ± 1.22) ppm, being the error due to the uncertainty of the other form factors involved. The resulting
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Parity-violating electron scattering and strangeness form factors of the nucleon Luigi Capozza linear combination of G s E and G s M is G s M + 0.26G s E = −0.12 ± 0.11 exp ± 0.11 FF [14] , where the last error is the theoretical error due to the other form factors. Combining it with the forward A4 result [13] G s E + 0.224G s M = −0.020 ± 0.029 exp ± 0.016 FF , on can separate the two strangeness form factors: G s M = −0.14 ± 0.11 exp ± 0.11 FF and G s E = −0.050 ± 0.038 exp ± 0.019 FF . In fig. 4 the two A4 measurements at this q 2 are shown.
Conclusions
A number of parity-violating electron scattering measurements have been carried out successfully at three different facilities. The helicity asymmetries have been measured with the planned accuracy and the strangeness vector form factors have been extracted. They are, at least at low q 2 values, compatible with zero. This rules out a broad variety of theoretical approaches and model calculations giving large values for these quantities.
The experimental programme is still ongoing and further data are upcoming. Backward angle data at 0.22 (GeV/c) 2 on H 2 from the G0 Collaboration as well as on D 2 from A4 are being
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Parity-violating electron scattering and strangeness form factors of the nucleon Luigi Capozza analysed and will settle the situation at this q 2 . Two forward measurements on H 2 at larger q 2 (∼ 0.6 (GeV/c) 2 ) are being performed by the Happex and A4 collaborations.
